Abstract Inhibition of DNA excision repair can modulate resistance to cisplatin. Cytosine arabinoside (Ara-C) and hydroxyurea (HU), in combination, inhibit the excision-repair system and removal of platinum-DNA adducts. Marked cytotoxic synergy had been demonstrated in vitro at clinically achievable levels. The three-drug regimen was found to be feasible in clinical pilot studies. A Phase II study in patients with relapsed or progressive anaplastic astrocytoma (AA) or glioblastoma multiforme (GBM) was performed in the Southwest Oncology Group. The primary end point was 6 month survival, historically about 42%. A loading dose of HU 1,260 mg/m 2 IV over 1 h was followed by Ara-C 1,200 mg/m 2 plus HU 5,040 mg/m 2 IV over 12 h, followed by cisplatin 100 mg/m 2 IV over 1 h. A total of 76 patients were registered. The GBM stratum registered 56 patients in a two-stage accrual. Among 51 eligible GBM patients, the 6-month survival probability was 41% (95% CI 28-55%), and median overall survival was 5 months (95% CI 4-6 months). The 6-month progression-free survival probability was 25% (95% CI 14-37%), and median progression-free survival was 2 months (95% CI 2-4 months). One patient achieved a partial response (2%, 95% CI 0-10%), 13 patients had stable disease (25%, 95% CI 14-39%). Twenty-two patients progressed, and 14 were not assessable for response. The AA stratum was closed early after 20 patients due to slow accrual. Among 19 eligible patients, the 6-month survival probability was 58% (95% CI 36-80%), and median overall survival was 7 months (95% CI 7-14 months). The 6-month progression-free survival probability was 26% (95% CI 6-46%), and median progression-free survival was 3 months (95% CI 2-5 months). No responses were seen. Six patients (32%) had stable disease (95% CI 13-57%), 11 progressed, and 2 were not assessable for response. Of the 70 patients evaluable for toxicity, two died of infection. Twenty-three patients (33%) experienced Grade 4 toxicities, primarily hematological. Cisplatin combined with HU and Ara-C did not improve the 6 month survival rate in patients with relapsed or progressive AA or GBM. Significantly more hematological toxicity was seen than expected from cisplatin alone. Although benefit might be possible in a more platinum-sensitive tumor type, further clinical trials with this regimen for patients with
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Background
The median survival for adult patients with supratentorial, high grade gliomas after primary surgery and radiotherapy is approximately 1 year, with 80% of patients dead by 24 months [22, 24] . Therapeutic options are particularly limited for patients with relapsed or persistent disease after primary surgery and radiotherapy with or without chemotherapy. For such patients, response rates have been very low and prolonged response duration is the exception [15] . When used together with BCNU, cisplatin provided no additional benefit in a Phase III trial in patients with newly diagnosed glioblastoma multiforme [5] . Stewart et al. tested cisplatin plus Ara-C in adults with malignant gliomas and reported 58% and 23% response rates in untreated and previously treated cohorts, respectively [19] .
Modulation of various forms of drug resistance at the cellular level theoretically might improve the therapeutic index of cisplatin, carboplatin and related compounds. The DNA excision repair system is involved in the repair of DNA damage from cisplatin. The ability of a cell to excise UV-induced dimers is inhibited by cytosine arabinoside (Ara-C) [4, 9, 11] and by Hydroxyurea (HU) [3, 6-8, 10, 12, 16, 20, 25, 26] . Cytosine arabinoside (Ara-C) and hydroxyurea (HU), in combination, inhibit the removal of platinum DNA adducts, and marked cytotoxic synergy has been demonstrated in very platinum-resistant HT29 colon carcinoma cells [21] . The HU (1 mM) and Ara-C (1 uM) drug levels required have been achieved in clinical pilot studies of the three-drug regimen [1, 2] .
Two pilot studies used a 12-h treatment with HU and Ara-C preceding a 1-h cisplatin infusion. Doses and schedules of the three drugs were chosen from pharmacokinetic data in order to achieve concentrations in vivo similar to those used in the in vitro model. The study accrued 21 patients with prior chemotherapy and 19 patients previously untreated. Partial responses were seen in 9 of 32 patients with measurable disease, and there was significant improvement in 5 of 8 patients with only evaluable disease (one of which was a patient with refractory glioblastoma). Of note, responses were observed in 3 of 8 patients who had previously received cisplatin, suggesting that the HU and Ara-C combination modulated cisplatin resistance. No major acute toxicity was seen. Thrombocytopenia was dose-limiting in patients with a prior history of chemotherapy. Azotemia was treatment limiting in responding and stable patients, suggesting possible synergistic nephrotoxicity. Higher cisplatin-DNA adduct levels in kidney tissue have been associated with a greater incidence of cisplatin induced nephrotoxicity [13, 14] .
The second pilot study was designed with modifications dictated by the toxicities in the first trial (nausea, vomiting, thrombocytopenia, and azotemia) in order to determine the optimal Phase II doses in previously untreated and treated cohorts. Allopurinol was given to eliminate the elevation of uric acid observed in the first study which may have contributed to the azotemia. A parenteral preparation of hydoxyurea was substituted for the oral dose, and the 12-h continuous infusion was found to be more reliable and effective in reaching a 12-h steady state. Serum levels could also be monitored for Ara-C and HU, allowing tailoring of drug dose to optimize dose level. This study accrued 45 patients, with a wide range of refractory solid tumors (27 no or limited prior chemotherapy and 18 extensive prior chemotherapy). The substitution of parenteral hydroxyurea for oral HU virtually eliminated the nausea and vomiting seen in the first pilot study. There was significantly less azotemia, only 1 out of 96 cycles resulted in reversible grade 4 azotemia.
The recommended Phase II dose of 100 mg/m 2 /h achieved steady state Ara-C levels of 2-4 lM, slightly above the target of 1 lM. Target level of 1,000 lM of hydroxyurea was achieved with a loading dose of 1,260 mg/m 2 and an hourly dose of 420 mg/m 2 /h 9 12 in the untreated cohort. The pilot studies showed this triple drug combination to be tolerable and to result in some clinical responses in solid tumor patients.
Therapeutic options for patients with relapsed or progressive grade 3 or 4 glioma are limited. This three-drug regimen was particularly attractive to test in this population. The primary objective of the current study was to evaluate 6-month survival rate. Based on Southwest Oncology Group experience with Phase II agents concluded to be inactive in similar patient populations (in both anaplastic astrocytoma and glioblastoma multiforme), the typical 6-month survival rate is 42%
Patients and treatment
Patients with histologically confirmed Grade 3 (anaplastic astrocytoma) or 4 (glioblastoma multiforme) were enrolled into the trial. All patients had to have received adequate radiation therapy and have disease that was recurrent (re-appearance of tumor), persistent (persistent tumor at least 3 months beyond completion of radiation and causing clinical neurologic deterioration), or progressive disease (25% increase in tumor size or greater), as documented by CT scan or MRI after prior surgery and/or radiotherapy. It was required that biopsy slides documenting the histology were available to submit for pathology review to verify diagnosis. Additionally, the patient was required to have bidimensionally measurable disease defined by contrast enhancing margins on CT or MRI scan, with the same technique of scan available and used consistently throughout the study. Up to four cycles of one prior chemotherapy regimen not containing cisplatin was allowed prior to enrollment. Patients who experienced any Grade 3 or higher hematologic toxicity while receiving prior chemotherapy were ineligible because of concerns regarding myelotoxicity from the three drug combination regimen. Stable steroid dose prior to imaging was required. No hormonal or biologic therapies other than G-CSF were allowed. An adequate marrow reserve was required as indicated by WBC [ 4,000, ANC [ 1,500, platelets greater than the institutional lower limit of normal, and HGB [ 10 g%. These tests were performed within 14 days prior to registration. Of note, all patients had a 24 h creatinine clearance [ 70 ml/min as well as a serum uric acid \1.2 times the institutional upper limit of normal and SGOT and SGPT \ 2 times the institutional upper limit of normal all within 14 days prior to registration. Measurements at baseline of LDH, potassium, and phosphorus as well as a baseline audiogram were required. Patients had to have a SWOG performance status of B2.
Patients were stratified by histology: anaplastic astrocytoma versus glioblastoma multiforme. At registration, patients were described by the disease status (recurrent, progressive or persistent), performance status (0-1 vs. 2), prior chemotherapy (yes or no) and prior nitrosureas (yes or no).
The planned accrual was 55 eligible patients in each subgroup with a two-stage design. For each subgroup, a total of 30 eligible patients were to be accrued to the first stage. In the first stage, it was planned that if 11 or fewer patients survived more than 6 months then the study would be closed to that particular subgroup and the regimen would be concluded to be inactive in that patient population. If 12 or more patients survived longer than 6 months within a subgroup, then an additional 25 patients would be accrued in stage two, for a total of 55 in the histologic subgroup.
Treatment
Patients received a loading dose of hydroxyurea 1,260 mg/ m 2 IV over 1 h followed by Ara-C 1,200 mg/m 2 plus hydroxyurea 5,040 mg/m 2 IV over 12 h, followed by cisplatin 100 mg/m 2 IV over 1 h. Allopurinol. Mannitol, and aggressive hydration were used, as well as dexamethasone to prevent cerebral edema. Standard antiemetic regimens were used.
Results
The study closed on February 15, 2001 with a total of seventy-six patients registered. The anaplastic astrocytoma stratum closed early on June 1, 1998 due to slow accrual (after twenty patients registered). The glioblastoma multiforme stratum was temporarily closed after thirty patients had been accrued. The results of the interim analysis indicated that the second stage of accrual should proceed. The GBM stratum met the accrual goal, with a total of 56 patients.
Five of the GBM patients enrolled in the trial were ineligible: two patients had an inadequate WBC count, two patients failed pathology review (gliosarcoma and one other patient with oligodendroglioma with neuroglial neoplasm), and one patient not having measurable disease.
Overall survival, progression-free survival, and response
Glioblastoma multiforme
Of the 51 eligible patients, all have died, with a median overall survival of 5 months (95% confidence interval of 4-6 months) (Fig. 1) . The 6-month survival probability was 41% (95% confidence interval of 28-55%). All GBM patients have either progressed or died with a median progression-free survival of 2 months (95% confidence interval of 2-4 months) (Fig. 2) . The 6-month progressionfree survival probability is 25% (95% confidence interval of 14-37%).
Of the 51 eligible GBM patients, one patient achieved a partial response (2%, 95% confidence interval of 0-10%). Thirteen patients (25%, 95% confidence interval of 14- 39%) had stable disease. Twenty-two patients had increasing disease, and 14 had disease that was not assessable under the protocol definition.
Anaplastic astrocytoma
Of the 19 eligible patients, 18 have died, with a median overall survival of 7 months (95% confidence interval of 6-14 months) (Fig. 1) . The 6-month survival probability was 58% (95% confidence interval of 36-80%). No responses were seen. All AA patients have progressed or died, with a median progression-free survival of 3 months (95% confidence interval of 2-5 months 95%) (Fig. 2) . The 6-month progression-free survival probability was 26% (95% confidence interval of 7-46%). Of the 19 eligible patients, 18 have died, with a median overall survival of 7 months (95% confidence interval of 6-14 months) (Fig. 1) . Of the 19 eligible patients, no responses were seen (0%; 95% CI of 0%-18%). Six patients (32%, 95% confidence interval of 13-57%) had stable disease. Eleven patients had increasing disease, and two had disease that could not be assessed.
Toxicity
Hematologic and renal toxicity were expected on the basis of prior clinical experience with this regimen. Worsening of cerebral edema due to vigorous hydration was a theoretical concern in this particular patient population.
Among the 70 eligible patients assessed for toxicity, two died of sepsis. One ineligible glioblastoma multiforme patient also died of sepsis. Twenty patients (16 GBM, 4 AA) experienced grade four hematologic toxicities. A total of 6 patients (5 GBM, 1 AA) experienced grade four non-hematologic toxicities. There was one major protocol deviation due to failure to dose reduce for grade 4 thrombocytopenia. Grade four creatinine increase after inadequate hydration was seen in one patient, a protocol deviation resulting in removal from the study.
In the glioblastoma multiforme cohort, ten patients were removed from protocol treatment because of toxicity; twelve patients were removed from treatment for reasons not specified in the protocol, primarily deteriorating clinical condition or progressive disease not meeting protocol definition of progression (11 patients), and improper collection of creatinine clearance (one patient). Of the nineteen eligible anaplastic astrocytoma patients, four were removed from protocol for reasons not specified in the protocol: two patients had progression or deteriorating condition not meeting protocol definition of progressive disease, one patient was removed for additional surgery after four cycles, and one patient had a deteriorating condition after remaining on protocol treatment following documented progression. Four patients were removed due to toxicity related to treatment: decreased creatinine clearance (1 patient), decision to not restart treatment after dose delay for pneumonia (1 patient), grade 4 convulsions due to patient non-compliance with anticonvulsant medications (1 patient), and renal insufficiency (1 patient). Two patients refused to complete protocol treatment.
Despite initial concerns regarding renal function and cerebral edema, those problems were not encountered when the specified precautions were observed. There were no grade 3 or grade 4 renal toxicities when using prehydration, allopurinol and when avoiding contrast agents prior to platinum therapy. Toxicities C grade 3 are listed in Table 1 . Fatigue and anorexia were the most significant non-hematologic toxicities.
Discussion
Therapeutic options for patients with relapsed or progressive grade 3 or 4 glioma are limited. This three-drug regimen was considered to be attractive to test in this population for a number of reasons. Ara-C, hydroxyurea and cisplatin may each have single agent activity. High concentrations of cisplatin are found in brain tumors after intravenous administration [17] , with activity of cisplatin noted in refractory disease [17, 18, 23] . Furthermore, one patient with GBM who had failed surgery, radiotherapy and high dose AZQ with auto BM rescue sustained a response to the 3-drug regimen in the first pilot study [1] . The 3-drug regimen was a logical choice given prior results with these drugs used separately, and in view of the possibility of re-creating in vivo the marked platinum sensitization achieved in vitro. Patients with extensive prior treatment and history of significant hematological toxicities were not included due to concerns over excessive myelosuppression from more-than-additive drug effects. Cisplatin, when combined with hydroxyurea and cytosine arabinoside as DNA excision-repair inhibitors, did not improve the 6-month survival rate in patients with relapsed or progressive anaplastic astrocytoma or glioblastoma multiforme. Significantly more hematological toxicity was seen than expected from cisplatin alone. The use of hydroxyurea and Ara-C as DNA excision-repair inhibitors to potentiate the cytotoxicity of cisplatin was based on extensive pre-clinical in-vitro modeling. Pharmacokinetic determinations had been made in initial pilot studies to ensure that adequate serum levels of each drug could be achieved to replicate the in vitro conditions in vivo. It is worth noting that this regimen was modeled in vitro and applied directly to human clinical trials. Although drug interactions were evident as enhanced toxicity, no corresponding clinical improvement was detected, in patients with relapsed or persistent anaplastic astrocytoma or glioblastoma multiforme. The additional cytotoxicity therefore did not improve the therapeutic index of cisplatin. These tumor types have long been recognized as being very resistant to a wide range of cytotoxic agents. Studying the regimen in patients with relapsed or refractory disease, while clinically appropriate, further selected for tumor resistance. All patients would have had prior radiation, some both radiation and chemotherapy. Future uses of this approach could perhaps be envisaged for tumor types that are usually sensitive to platinum compounds to the point of complete remission, but where a proportion of patients relapse, presumably due to the persistence of a relatively drug-resistant subpopulation. Although it is possible that clinical benefit might be achieved with this drug combination when used for a more platinum-sensitive tumor type, further clinical trials with this regimen in patients with glioblastoma multiforme or anaplastic astrocytoma are not justified. 
